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Abstract—In this paper, a nonlinear adaptive backstepping con-
troller is designed to control the bidirectional power flow (charg-
ing/discharging) of battery energy storage systems (BESSs) in a DC
microgrid under different operating conditions. The controller is
designed in such a manner that the BESSs can store the excess
energy from the renewable energy sources (RESs) in a DC microgrid
after satisfying the load demand and also feeding back the stored
energy to the load when RESs are no sufficient. The proposed
controller is also designed to maintain a constant voltage at the DC
bus, where all components of DC microgrids are connected, while
controlling the power flow of BESSs. This paper considers solar
photovoltaic (PV) systems as the RES whereas a diesel generator
equipped with a rectifier is used as a backup supply to maintain
the continuity of power supply in the case of emergency situations.
The controller is designed recursively based on the Lyapunov control
theory where all parameters within the model of BESSs are assumed
as unknown. These unknown parameters are then estimated through
the adaptation laws and whose stability is ensured by formulating
suitable control Lyapunov functions (CLFs) at different stages of
the design process. Moreover, a scheme is also presented to monitor
the state of charge (SOC) of the BESS. Finally, the performance
of the proposed controller is verified on a test DC microgrid under
various operating conditions. The proposed controller ensures the DC
bus voltage regulation within the acceptable limits under different
operating conditions.
Index Terms—Adaptive backstepping controller, battery energy
storage system, control Lyapunov function, DC microgrid, renewable
energy sources.
I. INTRODUCTION
THE INTEGRATION of renewable energy sources (RESs)has been significantly increased over the past few decades.
The growth rate of integrating RESs is promising to solve the
energy problems and environmental pollution such as greenhouse
gas emission. It is well known that if the integration of large-
scale RESs especially solar photovoltaic (PV) systems into an
existing utility grid (which are far away from the consumers) is
not a cost-effective solutions and there are also several technical
challenges such as voltage stability, frequency stability, and power
quality [1]. Microgrids which allow to connect the RESs close to
the consumers can be used as a cost-effective solution to these
problems [2]–[5].
Microgrids usually have the capability to generate their own
power to meet the load requirements. Thus, a microgrid be
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operated in an islanded mode if it has the ability to generate
its own power during the emergency condition e.g., when the
battery energy storage systems (BESSs) are fully discharged and
no power is available from the RESs. Usually, diesel generators
are used as standby supply to meet the load demands during
the emergency conditions. These types of microgrids are used
for rural areas where the frequent delivery of conventional fossil
fuel is more expensive. However, a microgrid can be connected
to the main grid if there exists such provisions or there are no
standby diesel generators. Thus, a microgrids can be operated
either in islanded or standalone mode. The loads in microgrids
can either be AC or DC as well as combination of both AC and
DC. Most of the components in microgrids are primarily based
on the DC voltage, e.g., the output voltage of solar PV systems
is DC and similarly, BESSs store DC power. Thus, the operation
of DC microgrids will be more economical and technically robust
than AC microgrids [6]–[12].
There are several benefits of employing DC microgrids. If
loads are supplied directly with DC power, the efficiency of the
system becomes higher owing to the reduction of conversion
losses from sources to loads [13]. Nonetheless DC microgrids
can overcome some limitations associated with AC microgrids
such as frequency synchronization, control of reactive power flow,
and power quality issues [6]. Recently, the deployments of DC
microgrids are resurging due to the utilization of RESs based
on DC output power and their inherent advantage for DC loads
in commercial, and residential applications. A low voltage DC
microgrid is proposed in [1] to supply the power in a residential
complex where the super capacitor is used as the main power
supply. A solar PV based standalone DC microgrid for supplying
small-scale residential DC loads as proposed in [14] has achieved
a great deal of attention owing to the distinctive advantages of
solar PV systems.
Despite of several advantages as mentioned above, there are
several challenges in the operation of DC microgrids. Among
these challenges, the maintenance of power balance for contin-
uously changing load conditions and intermittent characteristics
of solar PV systems are considered to be critical. The stable and
reliable operation of DC microgrids depend on their ability to
maintain the power balance between the sources and loads under
changing and uncertain operating conditions. In such situations,
energy storage systems (ESSs) play a vital role in maintaining
the energy balance of DC microgrids [15]. Most commonly used
ESSs in a microgrid are batteries, super capacitors, and hydrogen
storage for fuel cells, etc. among which BESSs are the mostly
preferred option.
BESSs are responsible for minimizing the mismatch between
the generation and load demand due to stochastic variations of
RESs as well as loads. A controlled operation of the BESS
will allow to minimize the demand-generation mismatch of the
microgrid system [16], [17]. Although the integration of BESSs
guarantees the stability of microgrids, however, add further com-
plexities into the system in terms of energy management and
control for managing peak demands and variations in the load
demands. Hence, a bidirectional control scheme is required to
control the bidirectional power flow between the DC bus and
BESS in a DC microgrid.
The stability of DC microgrids relies on the regulation of DC
bus voltage which is mainly used to supply the loads. Thus, the
control of the DC bus voltage is important as this is treated as an
indicator of power balancing in DC microgrids [18]. The droop
control technique is one of the most commonly used techniques
for regulating DC bus voltage in microgrids. This technique
detects the current or output power as the feedback factor or the
deviation of the bus voltage is controlled in proportion to the
output power [19], [20]. However, this is not the best solution
when power electronics converters are connected to different
devices such as solar PV systems, wind generators, and BESSs
with different sets of state of charges (SOCs) [21], [22]. To
overcome this limitation, a gain-scheduling control in aggregation
with a centralized fuzzy controller has been proposed in [23]
which can support to achieve good voltage regulation, power
sharing, and energy balance in a DC microgrid. However, the
approach as proposed in [23] uses a centralized fuzzy controller
in order to modify the voltage reference for balancing the stored
energy. Moreover, the controllers as presented in [19]–[23] are
designed either based on the static or linearized models of BESSs
whose operations are limited over a fixed set of operating points.
Therefore, the wide variations of operating points cannot be
tackled with these controllers.
Nonlinear controllers are independent of operating points and
thus, overcome the limitations of linear controllers. In [24], [25],
a nonlinear sliding mode controller (SMC) is proposed to regulate
the DC bus voltage of a DC microgrid by considering bidirectional
power flow. Though this SMC is less sensitive to parameter
variations and external disturbances but the selection of the time-
varying surface is very difficult. Moreover, the strategy as pro-
posed in [24] only takes into account the case when the batteries
are supplying power to the load and to the implementation of any
charging algorithm is not presented though this is necessary for
the batterys health and its prolonged life [26].
This paper proposes of an adaptive backstepping controller
design technique for BESSs used in DC microgrids. The main
control objective of the proposed scheme is to regulate the DC
bus voltage under changing load and atmospheric conditions.
The controllers are designed in such a way that the parameters
of BESSs are considered as unknown and then adapted using
adaptation laws. Control Lyapunov functions (CLFs) are used
to analyze the stability of the whole system with the proposed
control scheme. Additionally an algorithm is also proposed to
monitor the remaining energy level of BESSs. The performance
of the proposed controller is evaluated under different operating
scenarios.
Solar PV 
System
Diesel 
Generator
RectifierDC-DC Converter
DC Bus
BESS DC Loads
DC-DC 
Converter
DC-DC 
Converter
DC Loads
Fig. 1. DC microgrid with BESS and diesel generator
II. SYSTEM CONFIGURATION, OPERATION STRATEGY, AND
POWER MANAGEMENT
In the following, the configuration of the DC microgrid is dis-
cussed along with its operating strategy and power management.
A. System Configuration
The configuration of a typical solar PV-based DC microgrid
which is investigated in this paper is shown in Fig. 1. It consists
of a 110 V DC bus where all components of the microgrid are
either connected directly or through power electronic converters.
A PV source is connected to the DC bus through a DC-DC
converter, the diesel generator is connected through a rectifier, a
BESS is connected via a bidirectional converter, and the resistive
load could be connected either directly or via DC-DC converter
based is directly connected.
The primary power source within this microgrid is the solar
PV system having the highest priority for supplying power. In the
autonomous mode of operation, the available power from the PV
unit must meet the total load demand. Otherwise, the BESS is
required to supply the difference and in the case of insufficient
storage, the system must undergo load shedding or need to be
supplied by the diesel generator to match the generation and load
demand. The BESS with a bidirectional converter can meet the
responsive local load demand to maintain the healthy operation
of the microgrid in case of fluctuations in the power supply from
the PV unit.
B. Operation Strategy
For the satisfactory operation of the DC microgrid during the
variations in solar irradiation and loads, different operating modes
need to be considered in order to ensure a secure and reliable
power supply. To achieve the aforementioned objective, two major
operating modes are considered in this paper. The first operating
mode is the power delivery mode to the loads from the renewable
and BESS. In this mode, the output power of the PV system
is transferred to the load and BESS as well as from the BESS
to the load depending on the situations. The BESS is regulated
to smooth the fluctuations of the power difference between the
varying output power of the PV unit and changing DC loads to
ensure that the DC voltage is maintained at the reference value.
The second operating mode is the standby mode which only
consists of with the standby diesel generator, the BESS, and the
load. Specially, this mode will be activated when the PV power
will not be available and the SOC of the BESS is less than 30%.
Thus, the power can be transferred from the diesel generator to the
load and BESS based on the requirement and the diesel generator
can maintain the constant DC bus voltage for stable operation of
the microgrid.
C. DC Voltage and Power Flow Balance
In order to evaluate the performance of the microgrid, the PV
system is activated first to build the DC bus voltage as it is a
good indicator of the systems operational status. A power balance
constraint is that the total power generation must satisfy the total
load demand. Hence, the net power (Pnet) of the microgrid can
be defined as:
Pnet = Ppv + PDG ± PB − PL (1)
where Ppv is the output power of the PV, PDG is the diesel
generator power, PB is the BESS output power, and PL is the
power demanded by the load. However, Pnet is always varying
due to the intermittent nature of the solar PV and variation of
local loads. In this situation, the BESS plays a significant role
for maintaining the stability of microgrids. The BESS operates
at charging and discharging modes depending on the power
requirement as in (1). The dynamics of DC bus voltage in a
microgrid can be formulated based on the following power balance
principle:
CVdc
dVdc
dt
= Pnet (2)
and
Pdc = Vdcidc (3)
where Vdc is the DC bus voltage, idc is the total current injecting
into the DC bus, C is the total output capacitance for all
converters. From equation (2), it can be seen that a constant DC
bus voltage indicates a balanced power flow and rising or dropping
DC bus voltage indicates power surplus or deficit, respectively.
From equation (3), it can also be seen that it is necessary to
keep the power balance at the DC bus in order to regulate
the DC bus voltage. The proposed control method will help to
maintain the power balance in the microgrid by controlling the
bidirectional power flow of the BESS while maintain the SOC of
the BESS within the safe limits. The control of BESSs requires a
mathematical model which is discussed in the following section
along with the problem statement.
III. BESS MODELING AND PROBLEM STATEMENT
Batteries are electrochemical devices that store energy from
other AC or DC sources for later use [27]. As stated in earlier
sections, BESSs can either store or deliver energy based on the
requirements of the microgrid through their control actions. The
performance of the controller relies on the modeling accuracy
of BESSs. BESSs exhibit highly nonlinear characteristics due to
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Fig. 2. BESS with bidirectional DC-DC buck-boost converter
their inherent electrochemistry. In this paper, the mathematical
model of BESSs is developed to facilitate the control actions
for bidirectional power flow. The equivalent circuit diagram of
a BESS with a bidirectional converter is shown in Fig. 2 which
is used to develop the dynamical model. Based on Fig. 2, the
dynamics of the BESS along with the bidirectional converter can
be described by the following nonlinear state-space differential
equations [16]:
dVcb
dt
=
1
Ccb
(ib − Vcb
Rb
)
dib
dt
=
1
L
[−(RL +Rsb)ib + (1 − u)V0 − Vcb + Eg]
dV0
dt
=
1
C0
[(1− u)ib − i0]
(4)
where the symbols have their usual meanings as in [16]. The
control action of BESSs determines the proper duty cycle of the
bidirectional converter in order to maintain the desired DC bus
voltage while the output power of the BESS varies depending on
the operating modes (charging or discharging). In practice, the
parameters of BESSs are not exactly known and the variations
of these parameters are sensitive to the steady-state operation. In
equations (4) which represent the dynamical model of a BESS
with a bidirectional converter, the parameters of the bidirectional
converter (L and C0) and the BESS (Rb and Cb) are considered as
unknown as these parameters cannot be exactly known due to the
presence of large magnetic flux density in the ferromagnetic core
in the circuit, temperature, production materials [28] and electro-
chemical reaction [15]. When these parameters are considered as
unknown, it can be written as:
θ1 =
1
Cb
θ2 =
1
CbRb
θ3 =
RL + Rsb
L
θ4 =
1
L
θ5 =
1
C0
(5)
By incorporating all these unknown parameters into the dynamical
model of the BDC system as represented by equations (4), it can
be written as:
x˙1 = θ1x2 − θ2x1
x˙2 = −θ3x2 + θ4[(1 − u)x3 − x1 + Eg]
x˙3 = θ5[(1 − u)x2 − i0]
(6)
where x1 = Vcb, x2 = ib, and x3 = V0, are the new states
of the BDC. Based on the mathematical model as described
by equations (6), the design procedure of a nonlinear adaptive
backstepping controller is elaborated in the next section.
IV. ADAPTIVE BACKSTEPPING CONTROLLER DESIGN
The purpose of this section is to describe the design procedure
of the proposed adaptive backstepping controller with an aim
to control DC bus voltage while maintaining the power balance
throughout the system. The design procedure of the proposed
controller includes three steps as discussed in the following:
Step 1: According to the design objective, the first tracking
error of the converter can be defined as:
e1 = x1 − x1d (7)
The derivative of this error can be written as:
e˙1 = x˙1 = θ1x2 − θ2x1 (8)
In order to handle the unknown parameters θ 1 and θ2 as appeared
in (8); it is essential to define these parameters in term of their
estimated values θˆ1 and θˆ2. Now the estimation errors of these
parameters can be defined as θ˜i = θi − θˆi with i = 1, 2. Thus in
terms of estimation error,equation (8) can be rewritten as:
e˙1 = (θ˜1 + θˆ1)x2 − (θ˜2 + θˆ2)x1 (9)
In equation (9), x2 behaves as a virtual control variable for which
the CLF can be written as:
W1 =
1
2
(e21 +
1
γ1
θ˜21 +
1
γ2
θ˜22) (10)
where γ1 and γ2 represent the adaptation gains which are selected
in such a way that the estimation errors converge to zero. Now
by inserting equation (9) into equation (10)), it can be written as:
W˙1 = e1(θˆ1x2 − θˆ2x1)− 1
γ1
θ˜1(
˙ˆ
θ1 − γ1e1x2)
− 1
γ2
θ˜2(
˙ˆ
θ2 + γ2e1x1)
(11)
The derivative of the CLF as represented by equation (11) should
be negative semi-definite, i.e., W˙1 ≤ 0 in order to stabilize the
dynamics of first equation (6). Thus, the synthetic value of x 2
needs to be selected in such a way that it would make W˙1 ≤ 0.
In such case, the synthetic value of x2 is chosen as follows:
α =
1
θˆ1
(θˆ2x1 − k1e1) (12)
where k1 is a constant which is the gain of the controller. And
the influence of θ˜1 and θ˜2 from equation (11) can be eliminated
by designing the following adaptation laws:
˙ˆ
θ1 = γ1e1x2
˙ˆ
θ2 = −γ2e1x1
(13)
However, to overcome the over-parameterization problems caused
by the appearance of θ1 and θ2 in the subsequence steps, the
adaptation laws as represented by equations (13) will not be used
at this step to update θˆ1 and θˆ2. Instead, the following tuning
functions are defined:
τ1 = γ1e1x2
τ2 = γ2e1x1
(14)
Now using the stabilizing function as represented by equa-
tion (12), the derivative of W1 which is reflected through equa-
tion (11) can be written as:
W˙1 = −k1e21 −
1
γ1
θ˜1(
˙ˆ
θ1 − τ1)− 1
γ2
θ˜2(
˙ˆ
θ2 + τ2) (15)
At this point, the time derivative of α is calculated as it is essential
to use in the next step and this derivative can be written as:
α˙ = Ax2θ1 −Ax1θ2 +B (16)
where
A =
θˆ2 − k1
θˆ1
B =
˙ˆ
θ2x1
θˆ1
−
˙ˆ
θ1
θˆ21
(θˆ2x1 − k1e1)
Step 2: The second error variable can be defined as:
e2 = x2 − α (17)
and its derivative can be written as:
e˙2 = −θ3x2 + θ4[(1− u)x3 − x1 + Eg]
−Ax2θ1 +Ax1θ2 −B
(18)
In terms of estimation errors, equation (18) can be rewritten as:
e˙2 = −(θ˜3 + θˆ3)x2 + (θ˜4 + θˆ4)[(1 − u)x3 − x1 + Eg]
−Ax2(θ˜1 + θˆ1) +Ax1(θ˜2 + θˆ2)−B
(19)
In this case, the second CLF can be written as:
W2 = W1 +
1
2
(e22 +
1
γ3
θ˜23 +
1
γ4
θ˜24) (20)
Now by inserting equations (15) and (19), the derivative of W 2
can be written as:
W˙2 = −k1e21 + e2[−θˆ3x2 + θˆ4((1− u)x3 − x1
+ Eg)−Ax2θˆ1 +Ax1θˆ2 −B]− 1
γ3
θ˜3[
˙ˆ
θ3 + e2γ3x2
− 1
γ4
θ˜4[
˙ˆ
θ4 − γ4e2((1 − u)x3 − x1 + Eg)]− 1
γ1
θ˜1(
˙ˆ
θ1
− τ1 + γ1e2Ax2)− 1
γ2
θ˜2(
˙ˆ
θ2 + τ2 − γ2e2Ax1)
(21)
Now it is essential to make W˙2 ≤ 0 to ensures the stability of the
dynamics as represented by equation (21) and this would happen
if
− θˆ3x2 + θˆ4((1− u)x3 − x1 + Eg)−Ax2θˆ1
+Ax1θˆ2 −B = −k2e2
(22)
Then, equation (21) reduces to
W˙2 = −k1e21 − k2e22 −
1
γ3
θ˜3(
˙ˆ
θ3 + τ3)− 1
γ1
θ˜1(
˙ˆ
θ1
− τ11)− 1
γ2
θ˜2(
˙ˆ
θ2 − τ22)− 1
γ4
θ˜4(
˙ˆ
θ4 − τ4)
(23)
where
τ3 = γ3e2x2
τ4 = e2γ4((1− u)x3 − x1 + Eg)
τ11 = τ1 − γ1e2x2A
τ22 = τ2 − γ2e2x1A
The derivation of control law along with the stability and robust-
ness analysis of the whole system is shown in the following step.
Step 3: Since −θˆ3x2 + θˆ4((1 − u)x3 − x1 + Eg) − Ax2θˆ1 +
Ax1θˆ2 −B and −k2e2 may not be equal so the final error based
on equation (22) can be obtained as follows:
e3 = −θˆ3x2 + θˆ4((1− u)x3 − x1 + Eg)−Ax2θˆ1
+Ax1θˆ2 −B + k2e2
(24)
whose derivative can be written as:
e˙3 = A1(θ1x2 − θ2x1)−B1θ3x2 + C1θ4 +D1θ5 + E1 (25)
where
A1 = Aθˆ2 +
˙ˆ
θ2
θˆ1
−
˙ˆ
θ1
θˆ21
(θˆ2 − k1)− θˆ4
B1 = −(Aθˆ1 − θˆ3)
C1 = B1[(1− u)x3 − x1 + Eg]
D1 = (1− u)θˆ1[(1− u)x2 − i0]
E1 =
˙ˆ
θ3((1− u)x3 − (RL +Rsb)x2 − x1 + Eg) + 1
θˆ1
¨ˆ
θ2x1
− 2
θˆ21
˙ˆ
θ1
˙ˆ
θ2x1 + (θˆ2x1 − k1e1)( 2
θˆ31
˙ˆ
θ21 −
1
θˆ21
¨ˆ
θ2)
By incorporating the estimation errors, equation (25) can be
rewritten as:
e˙3 = (θ˜1 + θˆ1)A1x2 −A1(θ˜2 + θˆ2)x1 −B1x2(θ˜3 + θˆ3)
+ C1(θ˜4 + θˆ4) +D1(θ˜5 + θˆ5)− u˙θˆ4x3
(26)
At this point, the CLF is written as:
W3 = W2 +
1
2
(e23 +
1
γ5
θ˜25) (27)
By substituting the values of W˙2 and e˙3, the derivative of W3 can
be written as:
W˙3 = −k1e21 − k2e22 + e3[A1(θˆ1x2 − θˆ2x1)−B1θˆ3x2
+ C1θˆ4 + E1 +D1θˆ5 − u˙θˆ4x3]− θ˜1
γ1
(θ˙1 − τ11 − γ1e3
A1x2)− θ˜2
γ2
(θ˙2 − τ22 + γ2e3A1x1)− θ˜3
γ3
(θ˙3 + τ3
+ γ3e3B1x2)− θ˜4
γ4
(θ˙4 − τ4 − γ4e3C1)
− θ˜5
γ5
(θ˙5 − γ5e3D1)
(28)
The adaptive control law for controlling the duty cycle of the
BDC can be chosen as:
u˙ =
1
θˆ4x3
(A1(θˆ1x2 − θˆ2x1)−B1θˆ3x2 + C1θˆ4
+D1θˆ5 + E1 + k3e3)
(29)
And in order to eliminate the influence of θ˜1, θ˜2, θ˜3, θ˜4, and θ˜5
in W˙3; the following adaptation laws can be chosen:
θ˙1 = τ11 + γ1e3A1x2
θ˙2 = τ22 − γ2e3A1x1
θ˙3 = −(τ3 + γ3e3B1x2)
θ˙4 = τ4 + γ4e3C1
θ˙5 = γ5e3D1
(30)
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Finally, equation (28) reduce to
W˙3 = −k1e21 − k2e22 − k3e23 (31)
From equation (31), it is obvious that the error dynamics of the
system is stable as the derivative of the CLF is negative semi-
definite. Therefore, the derived adaptive backstepping control law
stabilizes the BESS along with the bidirectional converter. The
analysis of energy state of the BESS is shown in the following
section.
V. ENERGY STATE OF THE BESS, DC BUS VOLTAGE AND
CONTROL ACTIONS
The controller performs its operation based on the energy level
of the BESS and DC bus voltage. Thus, the energy states of BESSs
and the DC bus voltage need to be continuously monitored in
order to avoid over charging and discharging as well as over
voltage or under voltage problems within the DC microgrid.
The overall charging and discharging capability of the proposed
controller along with maintaining the desired DC bus voltage will
be clarified from the flowchart as shown in Fig. 3. The controller
with gather information from the BESS and DC bus voltage before
performing any control action. When the controller will observe
that the DC bus voltage is within the specified limits and the state
of charge (SOC) of the battery also satisfies a certain condition,
the controller will not perform any action. The conditions for the
DC bus voltage and SOC can be written as follows:
Vdcmin < Vdc ≤ Vdcmax (32)
SOCmin < SOC ≤ SOCmax (33)
where Vdcmin is the minimum desired voltage for the DC bus,
Vdcmax is the maximum allowable voltage at the Dc bus, SOCmin
is the minimum SOC of the battery, and SOCmax is the maximum
SOC of the battery.
When the SOC of the battery will be less than the SOCmin,
the controller will perform ist action to charge the battery until it
reaches to SOCmax. In this condition, the BESS will be charged
either from the diesel generator or from the solar PV system based
on the availability. In this paper, the SOC is regulated between
30% and 80% in order to protect the battery from deep cycle
discharging and overcharging. On the other hand, the battery will
Control 
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Fig. 4. Implementation block diagram of the adaptive backstepping controller for
the BESS
also be charged or discharged when the DC bus voltage violets the
specified limits of the Dc bus voltage as indicated by the above
equation. Fig. 3 clearly reflects these situations and simulation
studies are conducted in the following section to demonstrate the
effectiveness of the designed controller.
VI. SIMULATION RESULTS AND DISCUSSION
Simulations are conducted on a DC microgrid similar to that as
presented in Fig. 1. The nominal DC bus voltage is considered as
400 V and the capacitance of the capacitor which is connected at
the output of the bidirectional converter is 3000 F, the rated power
of the diesel generator is 15 kW. The PV system has a maximum
power rating of 10 kW with solar irradiance of 1000 W/m 2 and an
operating temperature of 298 K. The maximum load demand for
the DC microgrid is 10 kW. In this paper, a Lithium-ion battery
is used as BESS with voltage of 110 V DC and capacity of 150
Ah with an internal resistance 0.02 Ω. The switching frequency
of the converter is set to 5 kHz with a sampling frequency of 10
kHz. The implementation block diagram of the designed control
scheme is shown in Fig. 4 from where it can be seen that the
implementation of the controller is quite straightforward though
it involves complex computation during the design process. From
Fig. 4, it is clear that the online parameter estimators are used to
estimate the unknown parameters where the estimation normally
starts from some initial values. The estimator continuously uses
the control signal and measures the desired outputs of the DC
microgrid and update the parameters until the desired values are
obtained. Finally, the control signal is fed to the DC-DC converter
of BESS through the pulse width modulator(PWM).
For the simulation, the PV system is activated first to build
the DC-link voltage and consequently the BESS and loads. To
analysis the effectiveness of the designed control scheme, different
operating scenarios are considered and the results are compared
with a sliding mode controller as proposed in [25].
• Case I: Power supplied by the solar PV and BESS under
constant load and changing atmospheric conditions
In this scenario, the available output power (Ppv) from the solar
PV system is larger than the desired load demand (PL = 5 kW)
for a period t=0 s to t=6 S. During this period, the solar PV system
is operating at the standard atomospheric conditions. i.e., the solar
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Fig. 5. Power in the DC microgrid under changing of solar irradiation while
charging and discharging the BESS
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Fig. 6. DC bus voltage in the microgrid under changing of solar irradiance while
charging and discharging the BESS
irradiation is 1000 W/m2 and environmental temperature is 298 K.
Thus, the solar PV system will supply excessive maximum power
(Ppv = 10 kW ) for this period which can also be seen from
Fig. 5 (a). The excessive power (5 kW) will be stored into the
BESS after fulfilling the load demand and this is shown in Fig. 5
(c). The load power is shown in Fig. 5 (b). The corresponding
DC bus voltage is shown in Fig. 6.
At t=6 s, the solar irradiance has a step change from 1000
W/m2 to 600 W/m2 and the solar PV system continues to run
under this condition till t=10 s. During this period cell temperature
is still considered as constant at 298 K. The output power of the
solar PV system will now be less than the desired load demand
(PL = 5 kW) for such a change in the solar irradiation. In this
situation, the BESS will be discharged to match the demand and
maintain the desired DC bus voltage. During this condition, the
changes in the power and voltage can be seen from Fig. 5 and
Fig. 6, respectively. From these figures, it can be seen that there
are some transient at the instant of changing the solar irradiation.
However, the designed nonlinear adaptive backstepping controller
(NABC) acts faster than the existing sliding mode controller
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Fig. 7. Estimated parameters of the BESS with the DC-DC converter under
changing of solar irradiance while charging and discharging the BESS
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Fig. 8. Power in the microgrid under changing load demand while supplying
power by the diesel generator
(ESMC) in terms of discharging the BESS and maintaining the
DC bus voltage to its steady-state values. Under these conditions,
the corresponding parameter estimation capability of the proposed
controller is shown in Fig. 7 which indicates the steady-state
values of the unknown parameters are estimated very quickly.
• Case II: Power supplied by the solar PV, BESS, ad diesel
generator while changing the loads
This scenario is basically the continuation of the previous
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Fig. 9. DC bus voltage in the microgrid under changing load demand while
supplying power by the diesel generator
scenario. In this scenario, the solar PV system continues to run
with the reduced solar irradiation, i.e., with 600 W/m2 till t=14 s.
In the same time, the battery will continue to discharging and
the SOC will be lower than 30% at t=14 s and in the meantime,
the solar irradiation becomes zero, i.e., there is no pwer from the
BESS as well as from the solar PV system. At the same instant, the
load demand also increases from 5 kW to 7 kW. In this situation,
the diesel generator will supply the power to the load and the
BESS will also be charge from the diesel generator. The whole
scenario is simulated till t=18 s and the power balancing is shown
in Fig. Fig. 8 and the Dc bus voltage is shown in Fig. 9. From
both Fig. 8 and Fig. 9, it can be seen that power and voltage are
disturbed at t=14 s. However, the designed controller helps the
microgrid to quickly recover these disturbances.
Therefore, it can be said that the designed controller has
the ability to estimate the unknown parameters under changing
atmospheric conditions as well as to maintain the power balancing
capability under different operating scenarios.
VII. CONCLUSIONS
A nonlinear adaptive backstepping controller is designed for
a BESS to maintain the overall power balance within a DC mi-
crogrid. The controller is designed by considering the parameters
of BESSs and bidirectional converters as totally unknown while
adapting these parameters through the adaptation laws. The overall
stability of the system is analyzed through the CLFs and the neg-
ative semi-finiteness of the derivative of CLFs ensures theoretical
stability of the microgrid. The maintenance of the constant DC bus
voltage is considered as an indication of the power balance and
the designed controller maintains a constant DC bus voltage under
different operating conditions. Simulation results clearly indicate
that the designed controller is robust against different practical
operating scenarios and unknown parameters of the BESS with a
bidirectional converter. Future work will be devoted to design a
cooperative controller for all components which will be delivering
power into DC microgrids.
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